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Aims: STAT3 is a key modulator of activation and differentiation of macrophages. But it is still unknown if deﬁ-
ciency of STAT3 activatesmacrophages to destroy erythrocytes by phagocytosis.We generated STAT3 conditional
knockout mice by crossing ﬂoxed STAT3mice with Tie2 promoter-driven Cre-recombinase transgenic mice and
clariﬁed that Stat3 plays a critical role in the formation and activation of macrophages.
Mainmethods:Blood cell count, reticulocyte count, serum lactate dehydrogenase, erythropoietin, iron and ferritin
concentration, and life span of the erythrocytes in Tie2 promoter-driven STAT3 conditional knockout mice were
analyzed. To explore the erythropoietic function of the mice, we subjected them to brief hemolytic anemia by
injecting them intraperitoneally with phenylhydrazine. The fragility of erythrocytes was examined by scanning
electron microscopy and osmotic tolerance test.
Key ﬁndings: The conditional knockout mice hadmild normocytic anemia. They also displayed higher lactate de-
hydrogenase, ferritin and erythropoietin concentration, higher reticulocyte count, and a shorter lifespan of eryth-
rocytes compared with wild-type controls. These data suggest that destruction of erythrocytes and secondary
blood formation were accelerated in the STAT3 conditional knockout mice. It didn't appear due to the fragility
of erythrocytes. A fewof the conditional knockoutmice suddenly developed acute severe anemia, high body tem-
perature and massive splenomegaly, and died within 2 weeks after the onset of anemia.
Signiﬁcance: This study provided evidence that STAT3have a critical role in the destruction of erythrocytes by res-
ident macrophages in the spleen.© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.Introduction
Homozygous STAT3-deﬁcient mice are embryonic lethal. STAT3−/−
embryos degenerate with no obvious mesoderm formation between
E6.5 and E7.5, suggesting the functional importance of STAT3 in early
embryonic development of themouse (Takeda et al., 1997). To avoid le-
thality and to assess the role of STAT3 in adult tissues, some research
groups have successfully made conditional knockout mice utilizing the
Cre–loxP recombination system (Welte et al., 2003; Panopoulos et al.,
2006).
Welte et al. (2003) generated conditional knockoutmice by crossing
Tie2 gene promoter-driven Cre–recombinase (TCre) transgenic mice
with ﬂoxed STAT3 mice carrying the STAT3 allele in which exons81 89 960 5246.
c.Open access under CC BY license.18–20 were ﬂanked by loxP sequences. Removal of exons 18–20,
which encode the Src homology 2 domain of STAT3, was expected to
eliminate the function of the protein. The mice appeared normal at
birth, but all of them died within 4–6 weeks after birth with Crohn's
disease-like pathological features in both the small and large intestine,
including segmental inﬂammatory cell inﬁltration, ulceration, bowel
wall thickening, and granuloma formation. Their results suggested
that STAT3 has critical roles in regulation of innate immunity.
Panopoulos et al. (2006) generated conditional knockout mice by
breeding TCre mice with ﬂoxed STAT3 mice that contained loxP sites
ﬂanking the critical tyrosine (Y705) required for STAT3 activation. The
mice were viable and fertile, and showed an elevated white blood cell
count, with increased levels of circulating neutrophils,monocytes, baso-
phils, and eosinophils. The mice also showed slight anemia with a nor-
mal red blood cell count, although they had reduced hematocrit and
hemoglobin level. The cause of this neutrophilia seemed to be consis-
tent with a negative role of STAT3 in basal granulopoiesis, but the
cause of the anemia is not yet known.
Based on the above information, we took an interest in the cause of
anemia in STAT3 conditional knockout mice. Using the same method as
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conditional knockoutmice.Most of the generatedmicewere apparently
normal, but displayed signiﬁcantly lower red cell count, higher reticulo-
cyte count, higher LDH concentration and higher erythropoietin con-
centration compared with wild-type controls. We further analyzed
and characterized the anemia in the conditional knockout mice.
Materials and methods
Generation of STAT3-deﬁcient mice and genotype analysis
We generated conditional STAT3 deﬁcient mice (STAT3f/f/TCre) by
breeding Tie2-Cre transgenic mice (TCre) (Kisanuki et al., 2001), in
which Cre expression is driven by a Tie2 gene promoter, with ﬂoxed
STAT3mice (Takeda et al., 1998) that contain loxP sites ﬂanking the crit-
ical tyrosine (Y705) required for STAT3 activation. The Tie2 gene pro-
moter was reported to drive Cre expression in most cells in the bone
marrow (Koni et al., 2001; Panopoulos et al., 2006), axillary lymph
nodes and spleen (Koni et al., 2001). Genotypes were identiﬁed by po-
lymerase chain reaction (PCR) from genomic DNA extracted from the
tail, and if possible, from the spleen (Fig. 1), using the following primers
STAT3-A: 5′-CCTGAAGACCAAGTTCATCTGTGTGA-3′; STAT3-B: 5′-TTCA
CCGTTATTTCCAAACTGCATC-3′; STAT3-C: 5′-TCCTTGACAGGGTGACTAA
CTCAGG-3′ to detect wild-type, ﬂoxed, and deleted STAT3 alleles or
Cre-F: 5′-TTACCGGTCGATGCAACGAGTGATG-3′; Cre-R: 5′-TTCCATGAG
TGAACGAACCTGGTCG-3′ to detect the TIE2-Cre transgene. Mice were
housed in a speciﬁc pathogen-free (SPF) facility, with a 12-hour light/
dark cycle, and fed water and a pellet chow diet ad libitum. All animal
studieswere carried out under the approval of the EhimeUniversity An-
imal Experiments Committee and in accordance with the Rules for An-
imal Experiments at Ehime University.
Measurement of body temperature of mice
Body temperature was measured by rectal insertion of a constantan
thermocouple and recorded by a THERMODAC II Thermal Data Acquisi-
tion System (ETO DENKI, Tokyo, Japan). The depth of insertion was
about 3.0 cm, and we read the value of constant temperature for 30 s.
We carefully handled the animals so as not to increase their body tem-
perature by exciting them.
Hematocrit analysis
First, 3 μL ofmouse bloodwas obtained from the tail vein directly into
a heparinized microcapillary tube (Hirschmann Laborgerate, Mannheim,
Germany). The obtained blood was separated into serum and cells using(a)   (b)   (c)   (d)
Floxed
Wild-type
TCre 
transgene
Δ
(a)   (b)   (c)   (d)
Tail DNA Spleen DNA
Fig. 1. Genotype analysis of STAT3f/f/TCremice. PCR product of genomic DNA from the tail
or spleen of mice was resolved on agarose gel. Arrows indicate products corresponding to
ﬂoxed allele, wild-type allele, TCre transgene, and Δ allele, which is the ﬂoxed allele after
TCre-mediated excision of theﬂoxed exon. The genotype of (a) turned out to bewild-type;
(b), STAT3f/w/TCre; (c) (d), STAT3f/f/TCre. Mouse (d)was affected by anemia at 6 weeks old,
while the others were not.a hematocrit centrifuge (KH120MII, Kubota, Tokyo, Japan), and hemato-
crit was measured.
Peripheral blood and spleen isolation; blood cell count analysis
Peripheral blood was collected in ethylenediaminetetraacetic
acid (EDTA)-coated tubes. The blood cell counts of RBC, WBC and
platelets and hemoglobin concentration were determined with an
automated counter (EHIME RINKEN, Ehime, Japan). Red blood cell
indices including mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH) and mean corpuscular hemoglobin concentration
(MCHC) were calculated from the values of hemoglobin, hematocrit
and RBC cell count.
Reticulocyte count
Reticulocyte count was measured using the previously reported
Brecher method (Brecher and Schneiderman, 1950). Brieﬂy, 5 μL of
the blood sample was counted manually on a blood smear using a mi-
croscope after staining with the same volume of new methylene blue
for 20 min (Brecher, 1949), and expressed as the percentage of reticulo-
cytes in 1000 mature RBC.
Measurement of serum lactate dehydrogenase (LDH), iron, erythropoietin
and ferritin
Peripheral blood was collected in non-coated tubes and serum was
separated by centrifugation at 10,000 ×g for 5 min. Serum LDH activity
was measured by the method of Wroblewski and Ladue (1955). Serum
iron concentration was measured by the nitroso-PSAP method using a
Femeasurement kit (Kainos Laboratories, Tokyo, Japan). Erythropoietin
and ferritin in serum were quantitated with a standard sandwich
enzyme-linked immunosorbent assay (ELISA) using a Quantikine
mouse Epo ELISA kit (R&D Systems, Minneapolis, MN, USA), mouse
ferritin ELISA kit (Kamiya Biomedical Company, Seattle, WA, USA) and
puriﬁed recombinant fusion proteins as standards.
Measurement of lifespan of erythrocytes
First, 20 μL of fresh blood obtained from the mouse tail vein was
mixedwith 5 μMcarboxyﬂuorescein succinimidyl ester (CFSE, Invitrogen
Life Technologies, Carlsbad, CA, USA), and incubated for 30 min at 37 °C.
After washing twice in PBS containing 1% FCS, the CFSE-labeled erythro-
cytes were resuspended in saline, and injected into the tail vein. CFSE-
dependent ﬂuorescence intensity of erythrocytes was measured in FL-1
on a FACSCalibur (Becton Dickinson, Lincoln Park, NJ, USA).
Measurement of osmotic tolerance of erythrocytes
First, 5 μL of blood was abruptly placed in 500 μL of media with var-
ious osmolalities obtained by varying the NaCl concentrations between
0 and 1.0%, incubated at room temperature for 5 min, and then centri-
fuged for 5 min at 500 ×g. Subsequently, 200 μL of supernatant was
transferred to a 96-well plate, and free hemoglobin in the supernatant
was measured at 540 nm absorbance to assess hemolysis. Percent cell
lysis was calculated as the amount of the hemoglobin compared to the
amount of free hemoglobin present in aliquots incubated in double-
distilled water.
Measurement of concentration of SH-groups on erythrocyte membrane
Erythrocyte ghosts were prepared from heparinized blood as de-
scribed by Suzuki et al. (2007). Erythrocyte ghosts were lysed in PBS
with 2.5% SDS to prepare a solution of erythrocyte membrane protein.
The amount of SH-groups on the erythrocyte membrane proteins was
measured by Ellman's method with 5, 5′-dithiobis-2-nitrobenzoic acid
Table 1
Generation of STAT3f/f/TCremice from several different matings, and development of anemia.
Genotype of (A) Number
of offspring
(B) Number
of STAT3f/f/TCre
(B)/(A) × 100 (%)
(expected value)
(C) Number of
ASA-cKO offspringa
(C)/(B) × 100 (%)
Father Mother
STAT3f/f/TCre STAT3f/f 194 74 38.1 (50) 8 10.8
STAT3f/w/TCre STAT3f/f 274 32 11.7 (25) 4 12.5
STAT3f/w/TCre STAT3f/w 358 28 7.8 (12.5) 5 17.9
Sum 826 134 – 17 12.17
a STAT3f/f/TCre offspring that developed acute severe anemia with hematocrit of less than 30% by 6 months after birth.
Fig. 2. E13.5 littermate embryos from mating of STAT3f/f/TCre father and STAT3f/f mother.
Some of them appeared normal (left embryo), while some of them appeared small and
anemic (right embryo). Genotype of left and right embryos turned out to be STAT3f/f and
STAT3f/f/TCre, respectively.
382 N. Ohkubo et al. / Life Sciences 93 (2013) 380–387(DTNB) (Ellman, 1959). Brieﬂy, the solution of erythrocyte membrane
proteinwasmixedwith the same volume of DTNB solution, and absorp-
tion at 415 nm was measured after 15 min incubation at 37 °C.
Histological analysis of spleen and bone marrow cells
For iron staining of the spleen, the spleen was isolated from the
mouse after perfusion with 0.1 M phosphate-buffered saline (pH 7.4,
PBS) followed by 400 to 500 mL of 4% neutralized paraformaldehyde
solution. The samples were post-ﬁxed in 4% neutralized paraformalde-
hyde for 48 h, soaked in 40% sucrose for 24 h, frozen, sectioned (5 μm),
stained with Prussian Blue solution (1% potassium ferrocyanide, 1%
hydrochloric acid solution) and counterstainedwith Carrazi's hematox-
ylin solution (Muto Pure Chemical, Tokyo, Japan). To identify the eryth-
rocytes phagocytosed by macrophages in bone marrow, bone marrow
cells were acquired from the femurs and rinsed with PBS by centrifuga-
tion for 5 min at 500 ×g. The cells were smeared on glass slides, dried
for 20 min, ﬁxed with 4% neutralized paraformaldehyde for 20 min,
and stained with May–Grunward–Giemsa solution (Merck, Darmstadt,
Germany).
Induction of anemia with phenylhydrazine
Phenylhydrazine hydrochloride (Sigma-Aldrich Corporation, St. Louis,
MI, USA) was dissolved in saline at 8 mg/mL and pH was adjusted to 7.4.
Hemolytic anemiawas inducedby intraperitoneal injection of freshly pre-
pared phenylhydrazine (80 mg/kg bodyweight). Hematocrit of the blood
from themouse tail veinwasmeasured every three days for 2 or 4 weeks
after phenylhydrazine injection.
Induction of splenomegaly with lipopolysaccharide (LPS)
First, 100 μg LPS 0111:B4 (Sigma-Aldrich Corporation, St. Louis, MO,
USA) was dissolved in 100 μL saline and the solutionwas ﬁltered with a
0.22-μm ﬁlter. The LPS solution was intraperitoneally injected into the
mouse every 2 days for 4 weeks to induce splenomegaly as a bacterial
infection model. Hematocrit of the blood from the mouse tail vein was
measured once a week for 4 weeks after injection. Subsequently, the
spleen was isolated and weighed.
Statistical analysis
Data are presented as mean ± S.D. Statistical analysis was performed
using JMP v.8.0.2 software (SAS Institute, Cary, NC, USA). Means of vari-
ables were compared by Student's t-test, if the variance of the distribu-
tions did not differ signiﬁcantly. For unequal variances, Welch's t-test
was used.
Results
Generation of STAT3f/f/TCre mice
To obtain conditional knockoutmice (STAT3f/f/TCre) homozygous for
the STAT3-loxP allele and carrying the Tie2-Cre transgene,we used three
kinds of different matings, as described in Table 1. While both parentshad the STAT3f/f or STAT3f/w genotype, the Tie2-Cre+ parent was always
male.
In all cases, newborn STAT3f/f/TCre mice appeared normal, but their
birth ratio was signiﬁcantly lower than the expected Mendelian ratio,
suggesting that some of the STAT3f/f/TCremice died prenatally. By cesar-
ean section, we conﬁrmed the existence of small, pale embryos in the
uterus of themother on embryonic day 13.5, and their genotype turned
out to be STAT3f/f/TCre (Fig. 2).
Hematologic parameters of STAT3f/f/TCre mice
The STAT3f/f/TCremice appeared normal, but showedmild normocytic
anemiawith signiﬁcantly lower hematocrit, red cell count, and hemoglo-
bin concentration, comparedwithwild-type controls (Table 2). They also
displayed high LDH concentration, high ferritin concentration, high
erythropoietin concentration, and high reticulocyte count. These data
suggest that destruction of erythrocytes and secondary blood formation
were accelerated in STAT3f/f/TCremice.
Lifespan of erythrocytes was shortened in STAT3f/f/TCre mice
To measure the lifespan of erythrocytes of STAT3f/f/TCremice, we la-
beled themwith CFSE, returned them to the samemice, and sequential-
ly measured the concentration of labeled erythrocytes in the blood of
the mice (Fig. 3A). As a result, the lifespan of erythrocytes of STAT3f/f/
TCre mice was found to be signiﬁcantly shorter than that of wild-type
controls. Furthermore, the amount of thiol residues on the erythrocyte
membrane was signiﬁcantly increased in STAT3f/f/TCre mice compared
to wild-type controls, suggesting that aged circulating erythrocytes
were decreased in the mice (Fig. 3B). These data suggest that the
Table 2
Hematologic parameters of STAT3f/f/TCremice.
Wild-type STAT3f/f/TCre ASA-cKO mice
Hematocrit (%) 45.1 ± 1.1 41.3 ± 2.4⁎ 25.9 ± 2.7⁎#
RBC (1012/L) 9.1 ± 0.4 8.7 ± 0.4⁎ 5.3 ± 0.9⁎#
Hemoglobin (g/dL) 14.5 ± 0.7 13.7 ± 0.5⁎ 8.5 ± 1.6⁎#
MCV (fL) 46.0 ± 2.3 46.3 ± 1.4 49.3 ± 3.8
MCH (pg) 16.1 ± 0.4 16.0 ± 0.4 16.0 ± 1.4
MCHC (g/dL) 34.3 ± 4.2 34.4 ± 6.3 32.6 ± 4.3
Reticulocyte index (%) 1.4 ± 0.5 3.3 ± 0.9⁎ 10.4 ± 2.8⁎#
WBC (1010/L) 1.4 ± 0.6 1.9 ± 0.5⁎ 2.2 ± 0.6⁎
Platelets (104 cells/uL) 11.3 ± 1.7 11.3 ± 2.5 13.7 ± 4.0
LDH (IU/L) 252 ± 64 460 ± 65⁎ 619 ± 290⁎
Iron (103 μg/L) 1.2 ± 0.2 1.3 ± 0.1 0.8 ± 0.1⁎#
Ferritin (ng/mL) 32.1 ± 11.4 58.2 ± 12.4⁎ 29.0 ± 4.2#
EPO (ng/L) 300 ± 83 812 ± 373⁎ 3000 ± 162⁎#
Some of the STAT3f/f/TCremice suddenly developed acute severe anemia, and died within
2 weeks after the onset of anemia (ASA-cKOmice). RBC, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration;
reticulocyte index (%) = reticulocyte count (%) × hematocrit/45; WBC, white blood cell
count; LDH, lactate dehydrogenase; EPO, erythropoietin. Data are expressed as mean ±
S.D. *, p b 0.05 compared with wild-type mice. #, p b 0.05 compared with STAT3f/f/
Cre(+)mice. Age, 3–6 months old; N = 8.
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culating erythrocytes.
Characterization of peripheral erythrocytes from STAT3f/f/TCre mice
To explore whether the anemia in STAT3f/f/TCremice was due to fra-
gility of erythrocytes, we examined their erythrocytes by scanning elec-
tron microscopy (SEM) and osmotic tolerance test (Fig. 4A and B). SEMA
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Fig. 3. Lifespan of erythrocytes in STAT3f/f/TCremice. (A) Lifespan of CFSE-labeled erythro-
cytes. Means in each time point were compared by Student's t-test. *, P b 0.05, N = 15.
(B) Amount of thiol residues on erythrocyte membrane. **, P b 0.01, N = 8.examination showed that the surface appearance of the erythrocytes
from STAT3f/f/TCre mice was similar to that of wild-type controls
(Fig. 4A). Similarly, the osmotic tolerance of the erythrocytes of
STAT3f/f/TCre mice was similar to that of wild-type controls (Fig. 4B).
These data suggest that the cause of the shortened lifespan of erythro-
cytes in STAT3f/f/TCremice is not due to fragility of their erythrocytes.
Response to erythropoietic stress in STAT3f/f/TCre mice
To explore whether STAT3f/f/TCre mice have erythropoietic
dysfunction, we subjected these mice and wild-type controls
to brief hemolytic anemia by injecting them intraperitoneally with
80 mg/kg phenylhydrazine (PHZ) (Fig. 5A). Their hematocrit wasmon-
itored over the following 13 days. Administration of PHZ induced
marked anemia in both STAT3f/f/TCre mice and wild-type controls. The
induction of anemia in STAT3f/f/TCre mice appeared to be less marked
and a little delayed compared to that in wild-type controls. A return
to normal was observed equally by day 13 in both STAT3f/f/TCre mice
and wild-type controls.
Next, we treated themice intraperitoneally with 4000 IU/kg recombi-
nant human erythropoietin (Fig. 5B and C). On day 4, hematocrit in both
mice had increased bymore than 50% and therewas no signiﬁcant differ-
ence between them (Fig. 5B). Similarly, on day 4, reticulocyte index in
both mice had also increased to more than 5%, and there was no signiﬁ-
cant difference between them (Fig. 5C). Taken together, these data sug-
gest that the STAT3f/f/TCre mice had a normal response to erythropoietic
stress.
Some STAT3f/f/TCre mice developed acute severe anemia
As they grew, about 13% of STAT3f/f/TCre mice suddenly developed
severe anemia with a hematocrit of less than 30% at 3–6 months after
birth (ASA-cKO, Tables 1 and 2). The ASA-cKO mice died withinA
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death, although they were feeding themselves sufﬁciently.
ASA-cKO mice had a signiﬁcant increase in reticulocyte index and
erythropoietin level compared to other STAT3f/f/TCre mice (Table 2).
Serum iron level was decreased in the mice, but their anemia cannot
be considered due to iron deﬁciency, because mean corpuscular hemo-
globin concentration (MCHC) was normal.
A signiﬁcant increase in body temperaturewas observed inASA-cKO
mice compared with other STAT3f/f/TCre mice and wild-type controls
(Fig. 6A). Next, we anatomically examined the organs of the ASA-cKO
mice, and found that their spleens were substantially larger than
these in other STAT3f/f/TCre mice or wild-type controls (Fig. 6B and C).
On average, the spleen from ASA-cKO mouse was 2–3 times larger
than that of wild-type control. On the contrary, the spleen from other
STAT3f/f/TCre mouse was signiﬁcantly smaller than that of wild-type
control.
Detection of iron-positive macrophages in spleen of STAT3f/f/TCre mice
Aged or damaged erythrocytes are normally phagocytosed by retic-
uloendothelial macrophages of the spleen, liver, and bone marrow.
Erythrocyte-derived iron is then either released into the circulation
and recycled for hemopoiesis, or stored within macrophages. If this
hemophagocytosis is accelerated by aberrant activation of macro-
phages, non-heme iron will accumulate within the spleen.The spleens were removed from the mice, frozen, sectioned and
stained with Prussian blue to assess the iron content. Prussian blue
iron stain does not stain Fe(II) contained in hemoglobin or cytochromes,
but stains Fe(III), so it detects Fe(III)-positive macrophages in the
spleen. The result of staining demonstrated that Fe(III)-positive macro-
phages were densely distributed within the red pulp of the spleen in
STAT3f/f/TCre mice, but only sparsely in wild-type controls (Fig. 7A and
B). In ASA-cKO mice too, Fe(III)-positive macrophages were sparsely
distributed within the red pulp of the spleen, as in wild-type mice
(Fig. 7C).
Detection of erythrocytes phagocytosed bymacrophages in bonemarrow of
STAT3f/f/TCre mice
May–Grunward–Giemsa staining of a ﬁxed smear of bone marrow
cells from STAT3f/f/TCre mice revealed the existence of erythrocytes
phagocytosed by macrophages (Fig. 7D).
Response to endotoxin in STAT3f/f/TCre mice
As shown in Table 2, ASA-cKOmice had a signiﬁcant increase inwhite
blood cell count, suggesting the possibility that the cause of fever was an
infectious disease. To explore whether splenomegaly and severe anemia
in the ASA-CKO mice were triggered by bacterial infection, we treated
STAT3f/f/TCre mice and wild-type controls intraperitoneally with LPS
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out the period (Fig. 8A). After that, the size of the spleen was measured
(Fig. 8B and C). LPS certainly induced temporary mild anemia in both
groups; however, there was no signiﬁcant difference in the severity of
the induced anemia between the groups. Similarly, administration of
LPS inducedmild splenomegaly in them, but there was no signiﬁcant dif-
ference in the size of the enlarged spleen between the groups. These data
suggest that bacterial infection did not trigger anemia in these mice.
Discussion
STAT3f/f/TCre mice showed signiﬁcantly higher blood LDH concen-
tration, reticulocyte count and erythropoietin concentration than
wild-type controls (Table 2), which might be a compensatory mecha-
nism for potential anemia. In addition, the lifespan of erythrocytes in
STAT3f/f/TCremice was signiﬁcantly shorter than that in wild-type con-
trols (Fig. 3A). Hematopoiesis did not seem to be disturbed in
STAT3f/f/TCre mice, because administration of PHZ or erythropoie-
tin showed that they had a normal response to erythropoietic stress
compared to wild-type control (Fig. 5). These data suggest that in
STAT3f/f/TCre mice, destruction of erythrocytes and secondary hemato-
poiesis for compensation are accelerated.
From the above information, we took an interest in the cause of the
accelerated destruction of erythrocytes in STAT3f/f/TCre mice. Then, we
explored the possibility that the cause of the destruction of erythrocytes
may be fragility of their erythrocyte membrane. However, SEM exami-
nation (Fig. 4A) and osmotic tolerance test (Fig. 4B) showed nosigniﬁcant difference between the erythrocytes of STAT3f/f/TCre mice
and wild-type controls. Next, we explored the possibility of autoim-
mune hemolytic anemia (AIHA). We performed direct Coombs' test
and indirect Coombs' test using anti-mouse immunoglobulin antibody
and ﬂow cytometric analysis, but the results were both negative (data
not shown).
Among the STAT3f/f/TCre mice, about 13% of them developed acute
severe anemia and low body weight by 6 months after birth, although
they were feeding themselves sufﬁciently. Unlike STAT3f/f/TCre mice
(STAT3f/f/TCre), none of the heterozygous conditional knockout mice
(STAT3f/w/TCre) or STAT3f/f littermates developed anemia.
The cause of the severe anemia cannot be considered to be marked
blood loss from gastrointestinal bleeding, because the fecal occult
blood level of ASA-cKO mice was not signiﬁcantly higher than that of
other STAT3f/f/TCre mice or wild-type controls (data not shown). Simi-
larly, it could not be due to hematopoietic disorder, because the number
of reticulocytes in the blood of ASA-cKO mice was much higher than
that of the other STAT3f/f/TCremice and wild-type controls (Table 2).
The symptoms in our ASA-cKO mice resembled acquired
hemophagocytic lymphohistiocytosis (HLH). HLH is a rare, fatal disor-
der, presenting with fever, splenomegaly, jaundice, and the patho-
logic ﬁnding of hemophagocytosis in bone marrow and other tissues
(Fisman, 2000). It is considered to be related to accumulation of activated
macrophages in the reticuloendothelial system, showing phagocytosis of
hematopoietic cells (Janka, 2007). The HLH Study Group of the Histiocyte
Society published the ﬁrst diagnostic guidelines for HLH in 1994, which
were revised in 2004. In the old guidelines, the diagnosis of HLH was
A B
C D
Fig. 7. Distribution of nonheme Fe(III)-positive reaction in macrophages in spleen and bone marrow of STAT3f/f/TCremice. (A–C) Fe(III)-positive macrophages (arrows) are densely dis-
tributed within the red pulp of the spleen in STAT3f/f/TCremice (B), but only sparsely in wild type mice (A) and ASA-cKO mice (C). (D) May–Grunward–Giemsa staining of ﬁxed smear
of bone marrow cells from STAT3f/f/TCremouse. Arrows indicate erythrocytes phagocytosed by a macrophage.
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Fig. 8. Response to bacterial endotoxin in STAT3f/f/TCremice. STAT3f/f/TCremice andwild-type controlswere injected intraperitoneallywith lipopolysaccharide (LPS) or saline every second
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eridemia and/or hypoﬁbrinogenemia, and hemophagocytosis. In the
new guidelines, three additional criteria were introduced; low/absent
NK-cell-activity, hyperferritinemia, and high-soluble interleukin-
2-receptor level (Henter et al., 2007).
ASA-cKOmicehad a prolonged body temperature elevation andpro-
gressive splenomegaly, supporting the onset of HLH. Hemophagocytosis
was also seen in the bone marrow of the mice (Fig. 7D). On the other
hand, they did not have bicytopenia, because they only displayed a low
erythrocyte count and hemoglobin concentration, and lacked low neu-
trophil and platelet counts. In addition, their blood concentration of fer-
ritinwas not higher than that inwild-type control, although that in other
STAT3f/f/TCre mice was signiﬁcantly higher. This may be due to the in-
creased consumption of iron in ASA-cKO mice. As evidence for this, the
macrophages in the spleen of ASA-cKO mice were only sparsely loaded
with iron, while those of STAT3f/f/TCremice showed marked loading.
It is clear that STAT3 plays a critical role in the formation and activa-
tion of residentmacrophages in the spleen (O'Farrell et al., 1998; Staples
et al., 2007; Zhang et al., 2009) but it is still unknown if deﬁciency of
STAT3 activates macrophages to destroy erythrocytes by phagocytosis.
Our ﬁnding that STAT3f/f/TCre mice displayed increased destruction of
erythrocytes suggests that STAT3may have a critical role in the destruc-
tion of erythrocytes by resident macrophages in the spleen.
Conclusion
We generated STAT3 conditional knockout mice by crossing
ﬂoxed STAT3 mice with Tie2 promoter-driven Cre-recombinase
transgenic mice. STAT3f/f/TCre had mild normocytic anemia. They
displayed high lactate dehydrogenase, ferritin and erythropoietin con-
centrations, high reticulocyte count, and a short lifespan of erythrocytes.
Histological analysis demonstrated nonheme iron-positivemacrophages
densely distributed in the red pulp of the spleen, and the existence of
erythrocytes phagocytosed by macrophages in bone marrow. Erythro-
poietic function and the fragility of erythrocytes appeared to be normal.
These data suggest accelerated destruction of erythrocytes and second-
ary blood formation in these mice.
This study provided evidence that STAT3 has a critical role in the de-
struction of erythrocytes by resident macrophages in the spleen.
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